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Running title: Evaluation of air sampling methods for norovirus 
 
Abstract: 
Aims: The aim of this study was to identify the most efficient sampling method for quantitative PCR-
based detection of airborne human norovirus (NoV).   
Methods and Results: A comparative experiment was conducted in an aerosol chamber using 
aerosolised murine norovirus (MNV) as a surrogate for NoV. Sampling was performed using a nylon 
(NY) filter in conjunction with four kinds of personal samplers; Gesamtstaubprobenahme sampler 
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(GSP), Triplex-cyclone sampler (TC), 3-piece closed-faced Millipore cassette (3P) and a 2-stage NIOSH 
cyclone sampler (NIO). In addition, sampling was performed using the GSP sampler with four 
different filter types; NY, polycarbonate (PC), polytetrafluoroethylene (PTFE) and gelatine (GEL). The 
sampling efficiency of MNV was significantly influenced by both sampler and filter type. The GSP 
sampler was found to give significantly (P<0.05) higher recovery of aerosolised MNV than 3P and 
NIO. A higher recovery was also found for GSP compared with TC, albeit not significantly. Finally, 
recovery of aerosolised MNV was significantly (P<0.05) higher using NY than PC, PTFE and GEL filters.  
Conclusions: The GSP sampler combined with a nylon filter was found to be the best method for 
personal filter-based sampling of airborne NoV.  
Significance and Impact of the Study: The identification of a suitable NoV air sampler is an 
important step towards studying the association between exposure to airborne NoV and infection.  
 
Keywords: air sampling; norovirus; bioaerosol; aerosolisation; GSP sampler; filters; airborne 
exposure   
 
Introduction: 
Human norovirus (NoV) is the main etiological agent responsible for gastrointestinal 
illness in all age groups  (Patel et al. 2009). Transmission of NoV occurs via the faecal-oral route 
either directly by person-to-person contact or indirectly through contaminated food, water or 
fomites (D'Souza et al. 2006; Koopmans et al. 2004; Marks et al. 2003). In addition, dissemination of 
NoV through aerosol droplets, especially following vomiting, has been inferred to occur based on 
epidemiological information from NoV outbreaks (Marks et al. 2000; Marks et al. 2003). Such 
airborne transmission of NoV is believed to occur via inhalation and subsequent ingestion (Marks et 
al. 2000). However, at this point the importance of airborne transmission is not well defined and 
only few studies relating to detection of airborne NoV exist (Bonifait et al. 2015; Brooks et al. 2005; 
Masclaux et al. 2014; Uhrbrand et al. 2011; Uhrbrand et al. 2017).  
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To contribute with a new understanding of the extent of airborne transmission of NoV 
and other enteric viruses such as human adenovirus (AdV), it is essential to have sensitive and robust 
methods for sampling of viruses from air. Collection of aerosolised viruses is normally conducted by 
creating a vacuum through a sampling apparatus. This will result in air entering the devices where 
aerosolised viruses will be retained by physical separation (Gilbert et al. 2009). Different principles 
such as impaction, impingement and filtration have been used for viral aerosol sampling (Verreault 
et al. 2008).  
Despite recent advancements in the development of a cultivation system for NoV 
(Ettayebi et al. 2016; Jones et al. 2015), it is not yet possible to propagate NoV on a routine basis and 
detection still relies on molecular methods such as RT-PCR. Therefore, it is important that the air 
sampling method chosen for collection of NoV is compatible with the RT-PCR detection format. 
Furthermore, for studying the association between exposure and infection, the use of a personal 
sampler that simulates individual exposure by allowing sampling of air from the breathing zone over 
a longer time period, e.g. an entire day, would be preferable. While solid impactors using e.g. agar 
medium have previously been used for sampling and detection of airborne enteric viruses in hospital 
settings and solid waste facilities, NoVs have not been successfully detected in air using this 
sampling strategy (Carducci et al. 2000; Carducci et al. 2011; Carducci et al. 2013), and it may thus 
not be the best approach for sampling of NoV. In addition, impactors may be better suited for short-
term sampling purposes due to issues with dehydration (Bosch et al. 2011). The use of impingers 
with a liquid collection medium prevents desiccation and facilitates the extraction of genetic 
material for subsequent analysis (Verreault et al. 2008) but often requires concentration of the 
collection medium by e.g. ultrafiltration prior to viral detection. Impingers have previously been 
used for detection of NoV genomes present in air collected downwind from a biosolid land 
application site (Brooks et al. 2005) and in healthcare facilities during a NoV outbreak (Bonifait et al. 
2015). Nevertheless, impingers may be less practical for personal sampling of airborne NoV because 
of restrictions in movements of the person wearing the liquid containing sampler and issues with 
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evaporation of the medium during sampling for more than one hour. In addition, impingers have 
been reported to be inefficient for sampling of sub-micrometer and ultrafine virus particles, with 
collection efficiencies below 10% for viruses in the size range of 30-100 nm (Hogan et al. 2005). Since 
most impactors and impingers cannot efficiently retain particles with an aerodynamic size below 500 
nm, filters have often been used for sampling of airborne viruses instead (Verreault et al. 2008). 
Filter-based sampling is both compatible with personal sampling over a longer period and 
quantitative molecular detection, and therefore appears to be a promising strategy for collection of 
airborne NoV. Filter-based sampling methods have indeed been used successfully for both personal 
and stationary sampling of NoV as well as other enteric viruses (Masclaux et al. 2014; Tseng et al. 
2010; Uhrbrand et al. 2011; Uhrbrand et al. 2017; Wallis et al. 1985). However, more data regarding 
which type of filter-based sampler and filter material that result in the best collection and recovery 
of NoV is warranted.   
The aim of this study was to identify the most efficient method for personal filter-
based sampling of airborne NoV. To investigate this we conducted: a) a comparative filter spiking 
experiment with NoV, AdV, and murine norovirus (MNV), and b) a comparative sampling experiment 
in an aerosol chamber using aerosolised MNV as a surrogate for NoV.  
 
Materials and methods 
Viruses  
MNV strain 1 (kindly provided by Dr Virgin, Washington University School of Medicine, 
USA) was used in both filter spiking and virus aerosolisation experiments. In addition, stool samples 
of NoV GII.4 variant 2006b and AdV serotype 41 (kindly provided by Dr Kjell-Olof Hedlund, Swedish 
Institute for Infectious Disease Control, Sweden) were used for filter spiking experiments. The AdV 
strain was included to also obtain knowledge on the recovery of an enteric DNA virus from the 
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filters. Mengovirus, MC0, (ATTC VR-2310, kindly provided by Prof Albert Bosch, University of 
Barcelona, Spain) was used as a process control in both filter spiking and virus aerosolisation 
experiments.  
MNV was propagated in RAW264.7 cells (ATCC TIB-71) (Wobus et al. 2004) and 
titrated by plaque assay (Cannon et al. 2006) to 2.67 × 107 PFU/ml and by endpoint RT-PCR to 2 × 108 
RT-PCR U/ml. MC0 was propagated in HeLA cells (ATCC CCL-2) (Martin et al. 1996) and titrated by 
TCID50 assay (Reed et al. 1938) to 1 × 10
8 TCID50/ml and by endpoint RT-PCR to 1× 10
9 RT-PCR U/ml.  
The NoV GII.4 and AdV-positive stool samples were quantified by endpoint real-time 
RT-PCR to contain 1 × 109 RT-PCR U/ml and 1 × 1010 PCR detectable U (PDU)/ml, respectively. 
 
Filter spiking experiment  
Spiking experiments were performed on four 37 mm filters; MAGNA nylon membrane 
(NY) (1.2 µm; Maine Manufacturing, Sanford, ME, USA), polycarbonate filter (PC) (1.0 µm; GE Water 
& Process Technology, Trevose, PA, USA), Fluoropore membrane filter (PTFE) (1 µm; Millipore, 
Copenhagen, Denmark) and gelatin filter (GEL) (3µm; SKC Inc., Eighty Four, PA, USA). Each filter type 
was spiked in duplicates on two separate occasions with 10 µl of 10-fold serial dilutions of viruses in 
final quantities of  2.0×1012.0×104 genomic copies (GC) of NoV GII, 2.0 ×1012.0×104 RT-PCR U of 
MNV and 4.0×1014.0×104 PDU of AdV. A non-spiked filter was used as a negative process control in 
each experiment.  
Virus aerosolisation experiment 
Virus aerosolisation was performed in a customised aerosol chamber with a volume of 0.66 m3 made 
of stainless steel (Nørgaard et al. 2009). A schematic figure of the experimental design is presented 
in Figure 1. A flow bubble generator (Ulevicius et al. 1997) was used to generate aerosol from a 250 
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ml MNV solution containing approximately 106 RT-PCR U/ml (corresponding to ~105 PFU/ml) 
suspended in sterile MilliQ-water. The aerosolised suspension passed through an electrostatic 
charge neutraliser (aerosol neutraliser 3054A, TSI Inc., Shoreview, MN, USA) before entering the 
chamber. The air flow from the bubble generator into the chamber was 22 lpm and the total flow 
out from the chamber was 38.8 lpm. The generated aerosols were diluted with supplementary air 
entering the chamber through a HEPA filter with a flow of 16.8 lpm. A conditioning period of 30 min 
was used after turning the bubble generator on to ensure that a steady state in the concentration of 
MNV aerosols was reached in the chamber before air sampling.                     Particle concentration 
and size distribution inside the chamber was monitored during aerosolisation and sampling using 
electric low pressure impactor (ELPI+) (Dekati Ltd., Kangasala, Finland). Measurements were done 
with one second resolution and 15 bins in the size range 6 nm to 10 µm. The ELPI+ used greased 
aluminum discs for size distributed collection of the aerosolized particles. Before and after each 
experiment, the chamber was flushed with filtered laboratory air and the particle background level 
in the chamber measured using the ELPI+.  
Sampling of MNV aerosols were performed side-by-side in duplicates using: a) NY, PC, 
PTFE and GEL filters each in conjunction with a inhalable Gesamtstaubprobenahme sampler (GSP; 
BIG Inc., Waltham, MA, USA) and b) GSP samplers, Triplex-cyclone samplers (TC), 3-piece closed-face 
cassettes (3P; Millipore, Copenhagen, Denmark) and 2-stage NIOSH bioaerosol cyclone BC251 
samplers (NIO; Kindly provided by Dr William G. Lindsley, Center of Disease Control, GA, USA) each 
mounted with a NY filter. The latter sampler (NIO) collected and size-fractionated the viral aerosols 
into three fractions: stage 1 (15 ml tube) collecting particles > 4 µm; stage 2 (1.5 ml tube) collecting 
particles between 1-4 µm and the filter stage collecting particles < 1 µm. Samplers  
The comparative filter sampling experiment setup was performed on four separate 
occasions (A-D), while the comparison of the sampler type was conducted on two separate 
occasions (C-D). Hence, both a filter sampling and a sampler comparison setup were performed on 
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occasion C and D. Between the filter sampling and sampler setup the aerosol generator was 
switched off and the chamber flushed with filtered laboratory air until the particle concentration 
returned to the background level, as measured with the ELPI+. After each experiment, disinfection of 
the chamber was conducted using UV-light and 1% Virkon® (Kebo Med, Glostrup, Denmark)  
followed by thorough rinsing with sterile MilliQ-water to remove any residual disinfectant. As a 
negative process control, a 30 min sampling was conducted in the chamber prior to each 
aerosolisation experiment using GPS with a NY filter. All experiments were conducted at ambient 
laboratory temperature and humidity.  
After sampling, filters from the samplers and the ELPI+ aluminium discs were 
transferred to a 47 mm petri dish with sterile forceps and stored a 4°C until virus elution and RNA 
extraction could be carried out.   
 
Extraction and quantification of viruses 
Viruses were eluted and extracted directly from the filters as previously described 
(Uhrbrand et al. 2011). Briefly, filters were incubated for 15 min in 3 ml of NucliSENS lysis buffer 
(BioMerieux, Herlev, Denmark).  Lysis buffer was also added to the 1.5 ml and 15 ml tubes used for 
collection of viruses in stage 1 and 2 of the NIO sampler followed by vortexing and incubation. Total 
nucleic acid purification was performed on the entire lysate using NucliSENS miniMAG system 
(BioMerieux, Herlev, Denmark) according to the manufacturer’s instructions. Nucleic acids were 
eluted in 100 µl of NucliSENS elution buffer. To quality assure the extraction performance and 
control for false-negative samples, mengovirus (MC0) was spiked on the air filters in a concentration 
of 105 RT-PCR U and used as an extraction control.  
Detection of viruses was performed in duplicate on a 96-well plate format of ABI Step 
One (Applied Biosystems, Nærum, Denmark).  
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NoV GII, MNV and MC0 RNA were detected by reverse transcriptase real-time 
polymerase reaction (qRT-PCR) using the RNA UltraSense one-step quantitative RT-PCR system 
(Invitrogen, Taastrup, Denmark) and previously described primers and probes for NoV GII (Kageyama 
et al. 2003; Loisy et al. 2005), MNV (Rawsthorne et al. 2009) and MC0 (Costafreda et al. 2006). The 
qRT-PCR was carried out in a total of 25 µl reaction mixture constituting 5 µl of extracted viral RNA 
and 20 µl of qRT-PCR reaction mixture containing 1 × UltraSense reaction mix, 500 nM forward 
primer, 900 nM reverse primer, 250 nM Probe, 1 × Rox reference dye and 1 × UltraSense enzyme 
mix. Reactions conditions were as previously described (Le Guyader et al. 2009).  
AdV DNA was detected by qPCR as previously described using a QuantiTech Probe 
PCR kit (QIAGEN, Copenhagen, Denmark) with primers JTVXF/JTVXR and probe JTVXP (Jothikumar et 
al. 2005).   
Quantification was performed using standard curves generated from 10-fold dilutions 
series of NoV GII.4 RNA transcripts (Gentry et al. 2009), extracted RNA of MNV and MC0 or DNA of 
AdV.  
 
Data analysis 
In the filter spiking experiment, virus recovery was calculated from the number of 
viral genomes (RT-PCR U or PDU) detected on the filter as a percentage to the number of viral 
genomes (RT-PCR U or PDU) spiked on the filters. The virus recoveries from the two highest spiking 
levels (high and medium concentration) were used for statistical analysis as these were within the 
quantitative range of the detection method. Prior to statistical analysis the recovery data obtained 
from the medium spiking concentration of MNV were log transformed to approximate normal 
distribution, while the recovery data from all other virus types and spiking levels were already 
normally distributed. Proc mixed models were used to evaluate the relationship between recovery 
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and filter type as dependable variable, while concentration and occasion were included as random 
variables. Moreover, the recoveries of MNV, NoV GII and AdV as affected by filter type were studied 
for each spiking level using General Linear Models (GLM).”   
In the aerosolisation experiments, the number of MNV genomes recovered with the 
various filter and sampler types were normalised according to the total number of particles in the 
aerosol chamber during sampling measured using ELPI+. This was done to minimise differences 
between sampling occasions due to variation in the concentration of MNV aerosols present in the 
chamber. The extraction efficiencies from the air samples were calculated from the number of MC0 
detected as a percentage to the number of MC0 spiked on the filters. Both normalised MNV recovery 
and MC0 extraction efficiency data were normally distributed. Proc mixed models were used to 
evaluate the relationship between the recoveries with filter or sampler type as dependable variables 
and occasion as random variables. GLM were used to study both the normalised recovery of MNV 
and extraction efficiency MC0 as affected by filter and sampler type. For the NIO sampler, the 
recovery of MNV was calculated based on the total sum of MNV collected from the difference 
stages.  
For the aerosol chamber experiments averaged size distribution spectrums were 
fitted using log-normal distribution in order to obtain the geometric mean aerodynamic diameter 
(GMD) of the measured aerosol size distribution of total particles and MNV (Makela et al. 2000). 
All statistical analysis were carried out in SAS statistical software version 9.4 (SAS 
Institute, Cary, NC, USA) and results with P values <0.05 were in all analysis considered statistically 
significant. 
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Results  
Filter spiking experiment 
The recovery efficiencies in percentage for MNV, NoV GII and AdV spiked onto PC, 
PTFE, NY and GEL filters and ELPI+ aluminium discs are presented in Table 1. The spiking 
concentrations were found to have a significant effect on the recoveries of NoV GII (P=0.0003) and 
AdV (P < 0.0001) from the filters, and a significant effect (P < 0.0001) of the filter type was found for 
all viruses. Compared with all other filter types, the GEL filter was found to give a significantly lower 
recovery of MNV and NoV GII in both medium and high spiking concentrations as well as for AdV at 
high spiking concentration. At medium spiking concentrations of AdV, significantly lower recovery 
was also found from the GEL filter compared with PC and NY, but no significant difference was found 
between GEL, PTFE and ELPI+. No significant differences in the recovery of MNV and NoV GII were 
found at medium spiking concentrations when comparing PTFE, PC, NY and ELPI+, while PC was 
found to give significantly higher MNV recovery than PTFE and NY at high spiking concentrations but 
significantly lower recovery of NoV GII than PTFE at high spiking concentrations (Table 1).  
 
Virus aerosolisation experiment 
The recovery of aerosolised MNV using various filter-based samplers and filter 
materials are shown in Figure 2. Despite normalising the MNV concentration according to the total 
particle concentration in the aerosol chamber during the air sampling, a significant difference in 
recovery of aerosolised MNV was found between sampling occasions in the experiments comparing 
filter materials (P<0.0001). No significant difference in recovery of aerosolised MNV was found 
between sampling occasions (P = 0.2377) in the experiments comparing sampler types.  
 
 
A
cc
ep
te
d 
A
rt
ic
le
This article is protected by copyright. All rights reserved. 
The type of filter material used for air sampling was found to have a significant effect 
on the recovery of aerosolised MNV (P<0.0001). Recovery of aerosolised MNV was found to be 
significantly higher for NY than for PC, PTFE and GEL filters. In addition, PC resulted in significantly 
higher recovery of aerosolised MNV than PTFE and GEL, while GEL resulted in significantly lower 
recovery than all of the other filter materials (Figure 2A). Using MC
0
 as
 
extraction control, the 
efficiencies to extract viruses collected onto the filters were calculated to be 62±26%, 86±18%, 
62±13% and 21±3% from NY, PC, PTFE and GEL, respectively. The recovery of the MC0 extraction 
control from filters was found to be significantly affected by both filter type (P<0.0001) and occasion 
(P= 0.0002). MC0 recovery was significantly higher from PC than from PTFE, NY and GEL, while GEL 
resulted in significantly lower recovery compared with all other filter types.   
The sampler type was found to have a significant effect (P = 0.0127) on the recovery 
of aerosolised MNV. The GSP sampler was found to give significantly higher recovery of aerosolised 
MNV than both 3P and NIO.  A higher recovery was also observed for GSP compared with TC, albeit 
not significantly (Figure 2A). Based on the MC0 extraction control, the viral extraction efficiencies 
from the filters were calculated to be 79±19%, 62±185%, 72±19% and 61±14% from the GSP, 3P, TC 
and NIO samples, respectively. Both sampler type (P<0.0001) and occasion (P<0.0001) were found to 
significantly affect the recovery of the MC0 extraction control, with GSP and TC resulting in a 
significantly higher recovery of MC0 than 3P and NIO. With the NIO sampler, 91.4±3.3% of the 
recovered MNV was found on the filter in the <1µm aerodynamic size fraction, 5.5±2.7% were found 
to be between 1-4 µm, and 3.1 ± 1.5% were >4 µm.  
The total particle concentration in the chamber during the aerosolisation of MNV was 
measured to be 2.6×1010, 2.5×1010, 2.0×1010, and 1.7×1010 particles/m3 air on occasion A, B, C and D, 
respectively, while the mean particle background level was determined to be 2.1×109±3.6×108 
particles/m3. Based on the total number of MNV quantified on the 14 ELPI+ aluminum size discs, the 
MNV concentration in the chamber during the aerosolisation experiments were estimated to be 
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4.5×103, 3.8×103, 4.7×103 and 3.9×103 RT-PCR U/m3 air on occasion A, B, C, and D, respectively. The 
size distribution of total particles and aerosolised MNV in the chamber during sampling determined 
using ELPI+ is depicted in Figure 3 along with the size distribution of the background particle level. 
GMD of total aerosol particles and MNV was 33.0±2.3 and 126.8±2.9 nm, respectively. Using MC0, 
the viral extraction recovery from the EPLI+ aluminum discs was determined to be 76±21%.   
 
Discussion  
To gain a better understanding of the significance of exposure to NoV aerosols and its 
association with infection it is imperative to have efficient air sampling methods for NoV.  The 
present study provides new information regarding the suitability of different personal filter-based air 
samplings methods to recover aerosolised MNV as a surrogate for NoV. Although several studies 
comparing different air samplers and filter materials have previously been conducted using e.g. 
aerosolised bacteriophages such as MS2 as models for collection and recovery of human pathogenic 
viruses (Burton et al. 2007; Gendron et al. 2010; Tseng et al. 2005), this is to our knowledge the first 
comparative study to use aerosolised MNV. MNV is closely related and shares many biological and 
molecular properties with NoV. With a size of 28-35 nm in diameter, icosahedral shape and a 
buoyant density of 1.36 ± 0.04 g/cm2 MNV has similar characteristic as NoV (Wobus et al. 2004) 
making MNV a promising model for evaluating the adeptness of air sampling methods for NoV. In 
our study, the feasibility of using MNV as a surrogate for NoV was demonstrated in the filter spiking 
experiment as similar trends in the recovery of MNV and NoV GII was found for the different filter 
types. Hence, at least when it comes to elution and extraction of the viruses from the filters MNV 
seems to be a suitable model for NoV. Moreover, since AdV was also successfully recovered from the 
spiked filters it shows that the processing method employed is efficient in recovering both RNA and 
DNA viruses from the air sampling filters. This indicates that the method can also be used for 
recovery of a wide panel of other airborne enteric viruses, in addition to NoV. The demonstrated 
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ability of the method to recover AdV from the air sampling filters is of particular value in relation to 
air sampling from occupational settings such as wastewater treatment plants. AdVs are used as viral 
indicators of water quality due to their stability and presence in high concentrations in untreated 
wastewater all year round (Rames et al. 2016). For a similar reason, AdVs also have recently been 
suggested as potential indicator organisms for occupational exposure to air contaminated with fecal 
matter (Carducci et al. 2016) . Moreover, AdVs could potentially be used for development of 
quantitative microbial risk assessment (QMRA) models to assess the risk associated with inhalation 
of bioaerosols as recently demonstrated by Carducci et al. (2016). The successful future use of 
QMRA is, however, reliant on collection of quantitative data on e.g. the exposure to airborne AdV, 
the correlation between AdV and other airborne enteric viruses, and dose-response relationships. 
The filter material employed for sampling of aerosolised MNV was found to have a 
significant effect on MNV recoveries with NY>PC>PTFE>GEL. The superiority of the NY filter to 
recover aerosolised MNV found in our study can be attributed to a higher physical collection 
efficiency, higher extraction efficiency from the filter or a combination hereof. To our knowledge, no 
other studies have previous compared the collection efficiency and/or recovery efficiency of the NY 
filter in regards to sampling of airborne enteric viruses. However, as the PC filters resulted in 
significantly higher recovery of both the MC0 extraction control and high spiking concentrations MNV 
and AdV than NY, indications are that NY’s superiority is due to greater physical collection of MNV, 
at least in comparison with PC. The physical collection efficiency of MS2 aerosols has previously 
been reported to be lower (68%) for PC filters (pore size 1 µm) than that (>96%) of both PTFE (pore 
size 1 µm) and GEL (pore size3 µm) (Burton et al. 2007). The reported differences in collection 
efficiencies between filter types are presumably because of better internal capture capacity of PTFE 
and GEL due to their complex three-dimensional web like structure, compared with the PC filter that 
consists of a thin and smooth film with circular pores (Burton et al. 2007). With a multi-layered 
structure bearing resemblance to that of PTFE and GEL, the internal viral capture capacity of NY is 
most likely closer to that of PTFE and GEL than of PC.  
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Despite the higher MS2 collection efficiencies previously reported for PTFE and GEL 
(Burton et al. 2007), the recovery of aerosolised MNV from these filters were found to be 
significantly lower than that of PC. These findings are similar to that of Gendron et al. (2010) who 
also found a higher recovery of aerosolised MS2 genomes from PC compared with PTFE, albeit not 
significantly. The discrepancies observed between the filters’ capacity to capture virus versus the 
ability to recover the viruses from the filters, clearly demonstrate the importance of having a 
successful elution of the viruses from the filter to achieve a high virus recovery from an air sample. 
Thus, when evaluating different filter-based air sampling methods, it is important not only to look at 
the physical collection of the viruses, but also at the subsequent viral elution, extraction and 
detection steps. The exposure-level required to cause NoV infection upon inhalation is unknown, but 
with an estimated oral ID50 of disaggregated NoV as low as 18 particles in secretor-positive 
individuals (Teunis et al. 2008), it seems essential to avoid viral loss during processing of the air 
samples. In the present study, a direct elution from the filter with lysis buffer followed by nucleic 
acid extraction of the entire sample volume was used to recovery viruses from the air filters. By 
using this approach, we avoid unnecessary processing steps for viral elution and concentration prior 
to nucleic acid extraction that could otherwise lead to loss of viruses.  
The study demonstrated an overall poor performance of the GEL filter both in regards 
to recovery of aerosolised MNV and spiked MNV, NoV GII and AdV as well as of the MC0 extraction 
control. As the GEL filter was completely dissolved in the lysis buffer and the entire volume used for 
nucleic acid extraction, the poor recovery is likely a result of co-extraction of gelatine components 
causing inhibition of the PCR-detection rather than problems with inadequate viral elution or loss 
during processing. While GEL filters may be useful for sampling and cultivation-based detection of 
infectious viruses as reported in some studies (Neve et al. 2003; Zuo et al. 2013), they do not appear 
to be compatible with PCR-based detection. Furthermore, their use is limited since sampling in 
environments with low and high humidity and temperature can cause the gelatine to dry out and 
break or dissolve (Verreault et al. 2008). Finally, as GEL filters are prone to dry out during long-term 
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sampling  (Burton et al. 2007), a maximum sampling time of 30 min is recommended by the 
manufacture, making GEL a poor choice for e.g. sampling of NoV during a whole working day. 
The sampler type employed was found to have a significant effect on the recovery of 
aerosolised MNV. The GSP followed by TC gave the highest recovery of aeorosolised MNV. However, 
as significantly higher recovery of the MC0 extraction control was also found for GSP and TC 
compared with the 3P and NIO samplers, it cannot be excluded that the higher MNV recovery seen 
with GSP and TC may in part be due to an overall better extraction from these samples rather than 
due to a better collection efficiency. Our findings are, however, consistent with those of Kenny et al. 
(1999) that reported a higher sampling efficiency for GSP than for 3P when evaluated on aerosols 
generated from aluminum oxide grinding powder in a low air movement test environment. Likewise, 
the 3P sampler was found to give the lowest sampling efficiency of cultivable bacteria and fungi from 
indoor and outdoor environments compared with three other filter-based personal samplers (IOM, 
Button and a NIOSH 1-stage sampler) (Wang et al. 2015). According to our results, NIO also resulted 
in significantly lower MNV recovery than GSP. In contrast to the other personal sampler types tested 
in our study, NIO offers size fractioned collection of the viruses, which provides valuable information 
regarding the aerodynamic size of the airborne viruses. This information is useful in relation to 
determining where in the respiratory tract the viruses will be deposited and to estimate for how 
long time they will stay airborne. However, this feature also means that the collection tubes and 
filter must be extracted and analysed separately, which potentially could result in greater viral loss 
during processing and a lower total viral recovery. Thus, even though the NIO sampler has previously 
been used successfully for size-fractioned sampling of NoV, MNV, influenza virus and respiratory 
syncytial virus (Bonifait et al. 2015; Cao et al. 2011; Lindsley et al. 2010a; Lindsley et al. 2010b), our 
findings indicate that NIO may not be the best choice of sampler for recovery of airborne NoV.  
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A difference in the size distribution of total aerosol particles and MNV in the chamber 
during aerosolisation was observed in our study. While the GMD of total particles measured in real-
time with the ELPI+ was found to be 33.0±2.3, the GMD of MNV was determined to be 126.8±2.9 nm 
after extraction of MNV genomes from the ELPI+ aluminium size disc. This difference in the 
aerodynamic size distribution found for total particles and MNV is likely a result of several factors. 
The ELPI+ may overestimate the number of particles with the smallest aerodynamic diameters as the 
collection efficiencies of the ELPI+ stages with the smallest cut diameters do not reach zero toward 
smaller particle sizes. This is a known side effect of secondary collection of particles by diffusion  
(Järvinen et al. 2014). In addition, presence of small non-viral particles originating from the liquid 
medium and smaller fragments of disintegrated MNV particles may contribute to the measured total 
particle distribution being left-skewed compared with that of MNV. Aggregation of several MNV 
virions into a larger particle could also cause the observed difference in size distribution. 
Aggregation of airborne viruses is a well-known phenomenon (Verreault et al. 2008) and could 
certainly explain why a considerable fraction of MNV was found to have aerodynamic diameters > 
0.4 µm despite a very low total particle count being observed in this size range.  
The GMD of the total aerosol particles measured with ELPI+ in our study is more than 
10-fold lower than the GMD particle size of 0.89-1.08 µm measured with an Aerodynamic Particle 
Sizer (APS) during MNV aerosolisation by Bonifait et al. (2015). This incongruence can be explained 
by differences in aerosolisation conditions and equipment used for measuring the particle sizes. The 
APS used by Bonifer et al. (2015) is for instance designed to measure particles in the size range of 0.5 
– 20 µm, while particles down to an aerodynamic size of 6 nm is measured with the ELPI+. As the 
diameter of a single MNV virion is approximately 30 nm, measurement conducted with an APS will 
likely result in an overestimation of the aerodynamic size of MNV as also indicated from our findings 
with ELPI+.   
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In conclusion, the sampling efficiency of aerosolised MNV was found to be 
significantly influenced by both sampler and filter type. The GSP sampler combined with a nylon 
filter was found to be the best method for personal filter-based sampling of airborne NoV as this 
combination gave the highest recovery of aerosolised MNV. This finding was supported by our 
recent study sampling airborne NoV at a hospital wastewater treatment plant, in which we 
demonstrated the applicability of the GSP sampler combined with the NY filter to capture and 
recover low concentrations of airborne NoV in environmental air (Uhrbrand et al. 2017). We believe 
that the air sampling method identified as being superior in this study can be a valuable tool for 
examining personal exposure to airborne NoV and studying the association between airborne 
exposure and infection. 
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Figure Legends 
Figure 1. Schematic illustration of the experimental design for the experiments conducted in the 
aerosol 
chamber: (A) Box with Casella pumps connected to filter samplers via sampling ports in the chamber, 
(B) 
bubble generator with MNV suspension, (C) neutraliser, (D) fan connected to HEPA filter used for 
pushing 
air into the chamber during flushing procedure, (E) filter samplers, (F) ELPI+, (G) pump connected to 
HEPA filter used for drawing air out of chamber during flushing procedure, (H) input for 
supplementary air via 
HEPA filter. 
Figure 2. Recovery of aerosolised MNV using various filter materials (A) and filter-based samplers 
(B). Samplers and filters were tested in duplicates on minimum two separate occasions. The 
concentrations of MNV recovered after sampling was normalised according to the total particle 
concentration in the chamber during sampling. MNV recovery from filters or samplers with same 
italic letter is not significantly different on a 95% significance level. 
Figure 3. Aerosol size distribution of total particles (lines) and MNV (bars) in the chamber during 
sampling determined using ELPI+. Size distribution of background level of particles in the chamber 
measured prior to aerosolisation is shown in the dotted line. MNV was recovered from the ELPI+ 
plates using qRT-PCR. The geometric mean aerodynamic diameter (GMD) of total particles and MNV 
was 33.0±2.3 and 126.8±2.9 nm, respectively. 
 
 
 
A
cc
ep
te
d 
A
rt
ic
le
This article is protected by copyright. All rights reserved. 
Table 1. Mean recovery (%) of murine norovirus (MNV), human norovirus (NoV) GII.4 and adenovirus (AdV) spiked onto the various filter materials and 
ELPI+ discs on two separate occasions and detected by RT-qPCR in duplicates.  
Virus Spiking concentration    Recovery efficiency % (Mean±SD) 
  PTFE   PC   NY   GEL   ELPI+  
            
MNV  
2 × 101 
RT-PCR U 
  
49.6±52.7 
-   
23.2±20.4 
-   
82.0±90.2 
-   
5.3±14.9 
-   
41.9±29.3 
- 
2 × 102 
 
62.5±34.7 
aa 
 
109.9±88.6 
a 
 
172.1±103.8 
a 
 
2.8±4.2 
b 
 
51.1±31.0 
a 
2 × 104 
  
64.8±22.8 
b   
111.4±27.3 
a   
81.76±27.1 
b   
7.7±5.8 
c   
86.1±32.7 
ab 
                  
NoV 
GII.4  
4 × 103 
GC 
 
61.2±38.4 
- 
 
98.8±65.5 
- 
 
82.5±10.5 
- 
 
0.8±2.2 
- 
 
60.1±33.0 
- 
4 × 104 
 
97.0±19.6 
a 
 
97.8±21.7 
a 
 
108.7±23.7 
a 
 
18.3±12.1 
b 
 
100.8±15.6 
a 
4 × 105 
  
87.8±6.6 
a   
63.3±19.3 
b   
NA 
-   
5.9±4.7 
c   
65.9±6.2 
b 
                  
AdV  
4 × 101 
PDU 
 
114.5±62.4 
- 
 
214.8±91.3 
- 
 
71.0±26.8 
- 
 
121.0±105.3 
- 
 
41.9±29.3 
- 
4 × 102 
 
49.4±7.9 
c 
 
66.4±10.1 
a 
 
54.5±11.0 
ab 
 
39.7±17.1 
c 
 
41.2±2.3 
bc 
4 × 104 
  
88.9±16.7 
a   
84.0±14.6 
a   
47.3±15.8 
b   
20.2±4.4 
c   
79.9±8.2 
a 
PTFE: Flouropore membrane filter; PC: Polycarbonate filter; NY: Nylon membrane filter; GEL: Gelatine filter; ELPI+: Greased aluminium disc for ELPI+; RT-
PCR U: Reverse transcriptase-PCR units; GC: Genomic copies; PDU: PCR-detectable units; NA: Not analysed 
a Concentrations in the same row with same letter are not significantly different on a 95% significance level.   
A
cc
ep
te
d 
A
rt
ic
le
This article is protected by copyright. All rights reserved. 
 
  
A
cc
ep
te
d 
A
rt
ic
le
This article is protected by copyright. All rights reserved. 
 
  
A
cc
ep
te
d 
A
rt
ic
le
This article is protected by copyright. All rights reserved. 
 
 
